of nitric oxide synthesis, produced concentration dependent although apparently noncompetitive inhibition of ACh-induced relaxation. This inhibition was partially reversed by application of L-arginine (100 f.LM), a putative precursor for nitric oxide synthesis. It is concluded that membrane hyperpolarization induced by activation of ATP-sensitive K channels or Na,K-ATPase does not play a major functional role in ACh-induced relaxation of rabbit MCA. The potent inhibitory actions of NOLAG would suggest that the major mechanism of ACh-induced relaxation is by release of nitric oxide as in other cerebral and peripheral arteries. Key Words: Acetylcholine N a, K-A TPase-Sulfonylurea antagonists-� -nitro-L arginine-Cerebral arteries-EDRF.
membranes (Beny and Brunet, 1988; Huang et aI., 1988; Taylor et aI., 1988; Chen et aI., 1989) . The hyperpolarization has been suggested to be due to activation of either the Na,K-ATPase (Feletou and Vanhoutte, 1988) or to an increase in K conduc tance by activation of ATP-sensitive K channels, which can be blocked by the sulfonylurea com pound glibenclamide (Cook, 1988; Standen et aI., 1989) . However, the functional importance of endothelium-dependent hyperpolarization has been questioned in peripheral vasculature as the relaxant effects of ACh can be inhibited without affecting hyperpolarization (Tay lor et aI., 1988; Chen et aI., 1989) or vice versa (Feletou and Vanhoutte, 1988) .
The aim of the present study, therefore, was to assess the functional importance of activation of K channels or of the Na,K-ATPase, in ACh-induced relaxation of rabbit isolated middle cerebral artery (MCA), by use of techniques that inhibit relaxation to K channel activators in different vascular prep arations (Weir and Weston, 1986; Cook, 1988; Cavero et aI., 1989; Weston, 1989; Wilson, 1989; Winquist et aI., 1989; Parsons et aI., 1990a,b) or that induce inhibition of the Na,K-ATPase.
We have also investigated the effects of an inhibitor of nitric oxide synthesis, N G -nitro-L-arginine (NOLAG) (Miilsch and Busse, 1990) , on ACh induced relaxation.
Part of these results were preliminarily reported at the European Conference on Microcirculation (Parsons et aI., 1990c) .
METHODS
Male New Zealand white rabbits (2.0-2.6 kg) were anesthetized with pentobarbitone (30 mg/kg i. v.) and ex sanguinated. The brain was removed, placed in ice-cold Krebs-Henseleit buffer (for the composition, see below), and the MCA removed with the aid of a dissecting micro scope. Vascular ring segments were cut and set up in 5 ml baths for isometric recording of tension. The Krebs Henseleit solution was warmed up to and maintained at 37°C, and bubbled with 90% O2 and 10% CO2 to keep constant pH. The vessels were allowed a 60-90 min equil ibration period with repeated washing and adjustment of resting force to 3.0-3.5 mN. After this time, a concentra tion-effect (C-E) curve to histamine (l to 100 f.LM) was formed as an initial test for vessel reactivity. After a fur ther 60 min wash period, C-E curves to ACh (0.1 to 100 f.LM) were formed on elevated tone to uridine triphos phate (UTP) (l00 f.LM). In the presence of 100 f.LM ACh, L-arginine (100 f.LM) (final concentration) was then added to the organ bath. Concentration-effect curves to ACh and L-arginine were then repeated at elevated tone to 50 mM KCI. In a separate series of experiments, C-E curves to ACh were formed and repeated on UTP spasm after 25 to 30 min of incubation with NOLAG (l to 10 f.LM), glib enclamide (l f.LM), or with either ouabain (l0 f.LM) or a K-free buffer to inhibit Na,K-ATPase. The tonicity of the Krebs solution was maintained by substitution of KCI and NaCl for KCI-free and 50 roM KCI solutions.
Only one treatment was investigated for each respec tive artery segment. In every experiment utilizing UTP as contractile agent, at least one tissue received ACh and L-arginine only, thus acting as a time-matched solvent control. At the end of each experiment, the contractile response of each vessel was assessed to 124 mM KCI containing isotonic Krebs solution.
The composition of the Krebs-Henseleit solution was as follows (in mM): NaCl, 118; KCI, 4.75; KH2P04, 1.19; CaCI2• 2HzO, 2.5; MgS04, 1.2; NaHC03, 25; and glu cose, 10. The following drugs were used: acetylcholine chloride, ouabain, L-arginine free base, and W-nitro-L arginine (all obtained from Sigma, Munich, F.R.G.), uri dine triphosphate (Serva, Heidelberg, F.R.G.), and glib enclamide (Hoechst, Frankfort, F.R.G.). All drugs were dissolved in isotonic saline except glibenclamide, which was dissolved in absolute ethanol. Drug solutions were made fresh on each day and kept on ice throughout the experiment.
Results are expressed as mean ± SD with relaxant re sponses given as percent of precontraction, and contrac-tile responses as mN force. Differences between groups were assessed by paired t test or by one-way analysis of variance and Duncan's test for multiple comparisons. A value p < 0.05 was taken to indicate significance.
RESULTS
The contractile response to 124 mM KCI solution was 6.9 ± 2. 1 mN (n = 53) and was taken to indi cate maximum contraction. Uridine triphosphate (100 j.LM) produced a variable but stable contraction of 2.35 ± 1.66 mN (n = 53) in rabbit MCA. Ace tylcholine (0. 1 to 100 j.LM) induced a concentration related relaxation (Fig. 1) of UTP precontraction with a pooled pD2 value ( -loglo EC5o, that concen tration of agonist producing half-maximal effect) of 6.28 ± 0.52 (n = 43) and a pooled maximum relax ation of 86. 1 ± 15. 1% (n = 43). In the presence of ACh (100 j.LM), addition of L-arginine (100 j.LM) to the bath had no significant effect, as shown in Fig. 2. Exchange of the normal Krebs solution to one containing 50 mM KCI produced a contraction of 5.6 ± 2. 1 mN (n = 13). Acetylcholine (0. 1 to 100 j.LM) produced a similar concentration-related relax ation of 50 mM KCI spasm (as observed on UTP spasm) with a pD2 value of 6.22 ± 0.48 (n = 9) and maximum response of 72.4 ± 9.9% (n = 9) ( Fig. I) .
Similarly, addition of L-arginine (100 j.LM) in the presence of 100 j.LM ACh had no significant vaso- motor effect. Preincubation of the rabbit MCA with glibenclamide (1 i-LM) had no effect on resting tone, and did not effect ACh-induced relaxation (Fig. 1) .
Inhibition of the Na,K-ATPase by incubation of the rabbit MCA with a KCI-free solution for 25-30 min produced an initial transient contraction al though no significant effect on UTP-induced pre contraction or on ACh-induced relaxation (Fig. 1) was observed. Ouabain (10 i-LM) produced an in crease in resting tone [0.7 ± 0. 8 mN (n = 5)] but had no significant effect on UTP-induced contrac tion. In the presence of ouabain (10 i-LM), the C-E curve to ACh was marginally shifted to the right with a decrease in maximum response (Fig. 1) .
In addition to treatment of the rabbit MCA with procedures that block activation of the Na,K ATPase or of K channels, we also assessed the effects of an inhibitor of nitric oxide synthesis, NOLAG, on ACh-induced relaxation. In the higher concentration tested, NOLAG (10 i-LM) produced a small increase in resting tone (0.5 ± 0.29 mN) but had no effect on UTP precontraction. Furthermore, NOLAG produced concentration-dependent inhibi tion of C-E curves to ACh in a noncompetitive manner (Fig. 2) . Blockade of ACh-induced relax- No.4, 1991 ation by NOLAG could partly be reversed by addi tion of excess of L-arginine (100 i-LM) (p < 0.05 in the presence of 10 i-LM NOLAG; paired t test) (Fig.  2) . However, the degree of relaxation produced by L-arginine (100 i-LM) in the presence of ACh (100 i-LM) and NOLAG (10 i-LM) did not reach control values (Fig. 2) .
DISCUSSION
Nitric oxide has been shown to account for most of the properties of EDRF (Palmer et aI., 1987) and to be synthesized from L-arginine (Palmer et aI., 1988) . In a recent paper, nitric oxide has been shown to produce hyperpolarization of several ar terial preparations (Tare et aI., 1990) , in contrast to the work of Beny and Brunet (1988) . However, a degree of dissociation between hyperpolarization and relaxation has been demonstrated (Tare et aI., 1990) . In addition to nitric oxide, another distinct endothelial factor has also been suggested to pro duce hyperpolarization of the smooth muscle, ei ther by activation of the Na,K-ATPase (Feletou and Vanhoutte, 1988) or by activation of ATP sensitive K channels (Standen et aI., 1989 ). We have therefore tested ACh-induced relaxation un der conditions in which hyperpolarization due to these mechanisms has been demonstrated to be blocked (Kuriyama and Suzuki, 1978; Abel and Han, 1989; Standen et aI., 1989) .
Inhibition of Na,K-ATPase by application of ouabain resulted in a small inhibition of ACh induced relaxation in cerebral arteries, in agree ment with findings of Abel and Han (1989) and Brayden and Wellman (1989) . In contrast, Feletou and Vanhoutte (1988) observed in canine femoral artery that ouabain inhibited ACh-induced hyperpo larization but not relaxation. Furthermore, in the present study, inhibition of the Na,K-ATPase by incubation of the rabbit MCA with a KCl-free buffer had no effect on ACh-induced relaxation. Taken to gether, our results therefore indicate that inhibition of Na,K-ATPase does not play a major role in ACh induced relaxation of rabbit isolated MCA.
Acetylcholine has recently been suggested to in duce membrane hyperpolarization by activating ATP-sensitive K channels (Standen et aI., 1989) .
Interestingly, these channels are also activated by cromakalim and related K channel openers, and blocked by glibenclamide (Cook, 1988; Weston, 1989) . We have recently demonstrated that cro makalim and related K channel openers produce relaxation of a range of isolated cerebral arteries (Parsons et aI., 1990a,b) , in contrast to the obser vations of Young and Pickard (1989) but similar to those of Cain and Nicholson (1989) and Grant and O'Hara (1989) . Furthermore, we have shown that relaxation induced by cromakalim and related K channel openers are blocked by glibenclamide and high concentrations of KCI (Parsons et al., 1990a, b) as in other smooth muscle preparations (Weir and Weston, 1986; Cavero et al., 1989; Wilson, 1989; Winquist et al., 1989) . This direct smooth muscle vasorelaxant action of ACh may be due to the release of prostanoids, e.g., from the smooth muscle cells as in other vascular preparations (Okamura et al., 1989) , although this would require verification. It was interesting to note that application of L-arginine (100 f.1M) in the pres ence of ACh (100 f.1M), in the absence of NOLAG, did not produce further relaxation unlike in the rat isolated basilar artery (Mackert et al., 1990) . How ever, after inhibition of nitric oxide synthesis by NOLAG, addition of L-arginine in the presence of ACh produced a further relaxation. This result was also demonstrated in the rat basilar artery, and is consistent with L-arginine and NOLAG interacting at a similar site (Mackert et al., 1990) .
We conclude that the major functional mecha nism by which ACh produces relaxation of rabbit isolated MCA is by release of nitric oxide from the endothelium. This results in an increase in cGMP levels inside the smooth muscle cell, producing smooth muscle relaxation (Ignarro and Kadowitz, 1985) and is independent from activation of ATP sensitive K channels or of the Na,K-ATPase.
